Twelve thienyl/furanyl-hydroxyphenylpropenones were systematically designed and synthesized, and evaluated for their inhibitory effect on LPS-induced ROS and NO production in RAW 264.7 macrophages. Compound 11 displayed the most significant inhibitory activity of LPS-induced ROS and NO production in RAW 264.7 macrophages. Structure-activity relationship study indicated that para-hydroxyphenyl moiety plays an important role for inhibitory activities on both LPS-induced ROS and NO production as well as 3-thienyl moiety on molecule.
Introduction
Reactive oxygen species (ROS), the molecules containing highly reactive oxygen, actively interact with various intracellular molecules. Excessive ROS production results in alterations of diverse intracellular signaling pathways and causes significant damages to the target cells, collectively known as oxidative stress. Abnormally high production of ROS contributes to the development of diverse pathological events, such as DNA mutation, carcinogenesis, aging, cell death and inflammation, 1 although it is required for normal physiological processes as well. Macrophages have been considered as one of the main cellular sources responsible for ROS production in various pathophysiological conditions. Excessive ROS production by macrophages leads to the damage in various target tissues. Therefore, development of the pharmacological agent interferes with excessive ROS production could be considered as a useful strategy for the treatment of various pathological conditions.
Inflammation is a complex biological response to the harmful stimuli and associated with many pathophysiological conditions. In response to inflammatory stimuli, macrophages produce and secret various pro-inflammatory molecules, including the short-lived free radical nitric oxide (NO).
2 During inflammation, the NO level is rapidly increased and plays a role as a defense system against different types of various pathogens. 3 In fact, appropriate levels of NO plays an important role in regulating a number of physiological functions, such as blood vessel relaxation mainly modulated by endothelial nitric oxide synthase (eNOS), neurotransmission modulated by neuronal nitric oxide synthase (nNOS) and immune response. However, in many cases, abnormal excess production of NO is produced by inducible nitric oxide synthase (iNOS) during inflammation and acts as a toxic radical that contributes to the development of damage in target tissue. 4 Therefore, regulation of NO production could be a promising strategy for the treatment of diseases associated with inflammation.
Chalcones (1,3-diphenyl propenone) known as precursors of flavonoids and isoflavonoids, are versatile in nature.
5
Many structural modifications of the chalcone moiety by introducing different substituents in the phenyl rings or replacing the phenyl rings with heterocyclic rings exhibited a wide range of pharmacological activities 5, 6 such as antibacterial, 7, 8 (Figure 1 ). In our previous study it has been reported that isosteres of chalcone substituted by aromatic (heteroaromatic) rings of two phenyl moiety of chalcone exhibited considerable COX/5-LOX inhibitory activities for the development of safer antiinflammatory agents. 20 In addition, chalcone and 1,3-diarylpropenones ( Figure 2 ) were previously synthesized in our research group and reported to have anti-angiogenic activity.
21-23
Many natural and synthetic derivatives bearing the hydroxyl group or phenol have exhibited a wide spectrum of biological activities with potential for application as pharmaceutical drugs. Numerous polyphenolic phytochemicals such as resveratrol, curcumin, flavonoids, epigallocatechin gallate, and chalcones have been well studied and reported to interfere with specific stages of the carcinogenic process. [24] [25] [26] [27] In our previous results, we observed that introduction of hydroxyl group on phenyl moiety increased bioa These authors contributed equally to this work. 
28-30
In this study, based on the thienyl/furanyl-phenylpropenones we incorporated the hydroxyl group on phenyl moiety to investigate the effect on LPS-induced ROS and NO production in RAW 264.7 macrophages inhibitory activities, and performed structure-activity relationship study. We have systematically designed and synthesized twelve thienyl/ furanyl-phenylpropenone derivatives containing hydroxyl groups at different positions (none, ortho, meta, or para) of the phenyl ring (Scheme 1 and Figure 3 program. For ESI LC/MS, LC was performed with 10 μL injection volume on a Waters × Terra ® 3.5 μm reverse-phase C 18 column (2.1 × 100 mm) with a gradient elution: from 10% to 95% of B in A for 10 min followed by 95% to 10% of B in A for 10 min at a flow rate of 200 µL, where mobile phase A was 100% distilled water with 20 mM AF and mobile phase B was 100% ACN. MS ionization conditions were: Sheath gas flow rate: 70 arb, aux gas flow rate: 20 arb, I spray voltage: 4.5 KV, capillary temp.: 215°C, capillary voltage: 21V, tube lens offset: 10 V. Retention time is given in minutes.
General Method for Preparation of 3. To an ice cold solution of 85% KOH (1.2 eq.) in methanol (10 mL) and H 2 O (2 mL) aryl acetyl 1 (1.0 eq.) was added. After dissolution, aryl aldehyde 2 (1.0 eq.) was added dropwise. The reaction mixture was then stirred for 10 min to 3 h at 0 °C. The mixture was neutralized with 4 M aqueous HCl solution (pH adjusted to 2). The mixture was extracted with ethyl acetate (100 mL), washed with water (75 mL × 2) and saturated NaCl solution (50 mL). The organic layer was dried with magnesium sulfate and filtered. The filtrate was evaporated at reduced pressure, which was purified by silica gel column chromatography with a gradient elution of ethyl acetate/n-hexane to afford a solid compound 3 in 29.4 to 76.3% yield. Following the same procedure, twelve compounds were synthesized.
3-Phenyl-1-(thiophen-2-yl)prop-2-en-1-one (4) Measurement of Cell Viability. Cell viability was assessed using the CellTiter 96 Aqueous One kit (Promega, Madison, WI, USA). Briefly, RAW 264.7 macrophages were seeded in 96-well plates at 5 × 10 4 cells/well. After overnight incubation, cells were treated with different concentrations of compounds. Then, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfopheny)-2H-tetrazolium (MTS) solution was added and the cells were incubated for 2 h at 37 o C. Cell viability was monitored via a SPECTROstar Nano microplate reader (BMG Labtech Inc., Ortenberg, Germany) by measuring absorbance at 490 nm.
Measurement of ROS Production. Intracellular ROS production was determined by measuring the changes in the fluorescence of 5-chloromethyl-2,7-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) essentially as described previously.
31 Briefly, cells were initially seeded in 4-well culture slides at a density of 2 × 10 5 cells/ well. After overnight culture, cells were pretreated with the compounds for 1 h and further incubated with LPS for 24 h. ROS production was measured using the FLUOstar OPTIMA fluorometer and analyzed by FLUOstar OPTIMA software from BMG. Excitation and emission wavelengths were set to 485 nm and 520 nm, respectively.
Measurement of Total Nitric Oxide Production. Nitric oxide production was assessed spectrophotometrically as a formed nitrite (NO 2 ). In brief, RAW 264.7 macrophages were seeded at a density of 5 × 10 4 cells/well in 96-well plates. Cells were pretreated with indicated concentration of compounds for 1 h followed by treatment with 100 ng/mL LPS for additional 24 h. The 50 μL of culture medium was reacted with 50 μL of sulfanilamide and 50 μL of N-1-napthylethylenediamine dihydrochloride (NED). Then, the absorbance was measured at 540 nm using a SPECTROstar Nano microplate reader (BMG Labtech Inc., Ortenberg, Germany).
Results and Discussion
Synthetic Chemistry. Thienyl/furanyl-hydroxyphenylpropenones were synthesized by earlier reported methodology. [28] [29] [30] Base catalyzed reactions were performed without protection of hydroxyl group. Base catalyzed method employed 85% KOH (1.2 eq.) in methanol (10 mL) and H 2 O (2 mL) to the solution of equimolar amounts of aryl methyl ketone 1 and hydroxyphenyl aldehyde 2 to obtain compounds 3 in 29.4 to 76.3% yield.
Total twelve compounds (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) were synthesized as shown Inhibitory Effects on LPS-induced ROS and NO Production in RAW 264.7 Macrophages. Inhibitory activity of LPS-induced ROS and NO production in RAW 264.7 macrophages of prepared compounds is shown in Table 1 .
Among compounds 4-7, which possess 2-thienyl-phenylpropenone as a basic skeleton without hydroxyl group on phenyl ring (4), and with a single hydroxyl group at ortho, meta or para position on phenyl ring (5, 6, 7, respectively), compound 7 displayed the most significant inhibitory activity of LPS-induced ROS production in RAW 264.7 macrophages (4.8 µM of IC 50 ), and compound 4 and 7 displayed the most significant inhibitory activity of LPSinduced NO production in RAW 264.7 macrophages (2.7 and 2.8 µM of IC 50 , respectively), which indicated that parahydroxyphenyl moiety is important for inhibitory activities on both LPS-induced ROS and NO production. Among compounds 8-11, which possess 3-thienyl-phenylpropenone as a basic skeleton without hydroxyl group on phenyl ring (8) , and with a single hydroxyl group at ortho, meta or para position on phenyl ring (9, 10, 11, respectively), compound 11 displayed the most significant inhibitory activity of LPSinduced ROS and NO production in RAW 264.7 macrophages (2.2 and 0.70 µM of IC 50 , respectively), which also indicated that para-hydroxyphenyl moiety is important for inhibitory activities on both LPS-induced ROS and NO production. Among compounds 12-15, which possess 2-furanyl-phenylpropenone as a basic skeleton without hydroxyl group on phenyl ring (12) , and with a single hydroxyl group at ortho, meta or para position on phenyl ring (13, 14, 15 , respectively), unfortunately compound 15 which possess para-hydroxyphenyl moiety displayed cytotoxicity in RAW 264.7 macrophages on both LPS-induced ROS and NO production. From those results it was observed that thienyl/ furanyl-phenylpropenones which do not possess hydroxyl group on phenyl moiety did not exhibited significant inhibitory activity of LPS-induced ROS production in RAW 264.7 macrophages. As several compounds showed cytotoxicity, concrete structure-activity relationship could not be determined. However, the compounds possessing para-hydroxyphenyl moiety generally exhibited significant inhibitory activities both on LPS-induced ROS production in RAW 264.7 macrophages, and 3-thienyl-possessing compound generally showed better inhibitory activities on both LPSinduced ROS and NO production in RAW 264.7 macrophages than those of 2-thienyl-or 2-furanyl-possessing compounds. Also thienyl/furanyl-phenylpropenones which do not possess hydroxyl group on phenyl moiety did not exhibited condsiderable inhibitory activity of LPS-induced ROS production in RAW 264.7 macrophages. It would be concluded that para-hydroxyphenyl moiety plays important role for inhibitory activities on both LPS-induced ROS and NO production as well as 3-thienyl moiety on molecule. In addition, hydroxyphenyl-containing compounds possess druglike properties on the basis of Lipinski's rule of five.
32 Introduction of hydroxyl group decrease the Log P value of compounds that helps to further optimize the basic thienyl/ furanyl-phenylpropenone template.
Conclusions
Twelve thienyl/furanyl-hydroxyphenylpropenones were systematically designed and synthesized using ClaisenSchmidt condensation reaction. Prepared compounds were evaluated for their inhibitory effect on LPS-induced ROS and NO production in RAW 264.7 macrophages. Among them compound 11 displayed the most significant inhibitory activity of LPS-induced ROS and NO production in RAW 264.7 macrophages. Structure-activity relationship study indicated that para-hydroxyphenyl moiety plays important role for inhibitory activities on both LPS-induced ROS and NO production as well as 3-thienyl moiety on molecule. 
